Abstract Diabetes mellitus with the subsequent generation of reactive oxygen species represents a major risk factor for testicular dysfunction (TD). We investigate whether administration of antioxidants edaravone and taurine could prevent type 1 diabetes-induced TD in the rat. Six-week-old male Wistar rats were divided into four groups. Group A was treated with citrate-phosphate buffer plus normal saline, whereas in the other three groups, diabetes was induced by streptozotocin (50 mg/kg intraperitoneally). Subsequently, the diabetic rats were treated for 4 weeks either with normal saline (group B), edaravone (10 mg/Kg/day, intraperitoneally; group C), or taurine (500 mg/Kg/day, intraperitoneally; group D). Body, testicular, and epididymal weight, serum glucose, malondialdehyde levels, 8-Hydroxy-2'-deoxyguanosine(8-OH-dG) levels, testicular catalase activity, and serum testosterone levels were determined. Histological examination and the Johnsen score were used to observe and evaluate, respectively, the morphological changes in the testes. TUNEL assay was used to examine DNA fragmentation. Mating studies were performed in order to evaluate the fertility potential of male rats in each group. Edaravone or taurine treatment prevented significantly the decreased body, testicular, and epididymal weight induced by diabetes. Moreover, edaravone or taurine significantly decreased the diabetes-induced malondialdehyde levels, 8-OHdG levels, the morphological damage, and the number of apoptotic cells. Taurine, but not edaravone, increased significantly the testicular catalase activity. The antioxidant treatment had no effect on the fertility potential of the diabetic rats. The morphological damage, increased lipid peroxidation, and apoptosis in testicular tissue can be significantly relieved by edaravone or taurine treatment through suppressing the increased oxidative stress in the rat testis.
Introduction
Diabetes mellitus, one of the most common metabolic diseases, represents a major concern of the global health due to its serious complications. The number of young patients with diabetes mellitus type 1 is rising dramatically [1] . Male reproductive dysfunction is a common complication in diabetic patients [2, 3] . Several factors seem to be involved such as alterations in spermatogenesis, germ cell loss, and increased oxidative stress with subsequent apoptotic cell death [3] [4] [5] . Therefore, infertility of these young diabetic patients has become a concern [2, 3] . The significant induction of apoptotic cell death in the testis of diabetic rats has already been reported [4] , and it has been considered as one of the major cause of infertility for diabetic men [2, 6] . For diabetes-induced testicular apoptotic cell death, a mitochondria-dependent pathway was found to prevail [5, 7] . This finding is further supported by the study of Zhao and co-workers [8] in which they found a significant increase in Bax/Bcl-2 ratio in the diabetic testis.
In a recent study, it has been demonstrated that under diabetic status, oxidative stress is a major cause for loss of male germ cells since diabetic induction of testicular apoptotic cell death was forbidden by either antioxidant treatment with N-acetyl-L-cysteine or low-level ionizing radiation that induces up-regulation of testicular antioxidants [7] .
Male reproductive alterations have been widely reported in animal models and humans with diabetes [2, 6] . Streptozotocin-induced diabetes in male rats resulted in atrophy of sex organs [9] , changes in histoarchitecture of ventral prostate [10] , diminution in sperm count [11] , along with low levels in plasma gonadotrophins [12] and testosterone [11] . The copulatory behavior of diabetic rat has been collapsed along with low fertility in induced normal mating [11] . In humans, diabetes is associated with erectile dysfunction [13] , alterations in the seminal vesicles, abnormal semen parameters (semen volume, sperm count, motility, and morphology), and low plasma levels of gonadotrophins and testosterone [3] .
Antioxidants have been found beneficial to palliate diabetes mellitus-induced oxidative damage [14] [15] [16] [17] . The antioxidant properties of the conditional amino acid, taurine (2-aminoethanesulfonic acid), have also been well demonstrated and, therefore, could be considered as a potent candidate in this regard. Taurine, the most abundant free amino acid in many tissues, is an end product of L-cysteine metabolism. It protects many of the body's organs against toxicity and oxidative stress caused by various toxic insults [18] . Taurine causes enhancement in intracellular glutathione (GSH) levels and increased catalase and glutathione peroxidase activities, stabilizes GSHmetabolizing enzymes, and stimulates glucose-6-phosphate dehydrogenase that generates NADPH needed for the restoration of GSH from oxidized GSH (GSSG) [19] .
Another potent antioxidant molecule, edaravone (3-methyl-l-phenyl-pyrazolin-5-1) was the first neuroprotective drug to be introduced worldwide, and since 2001, it has been used to treat many acute ischemic stroke patients in Japan. The antioxidant properties of edaravone are based on the inactivation of hydroxyl radicals (OH) and thus the subsequent inhibition of the OH-dependent and OH-independent lipid peroxidation [20] .
Since oxidative stress is one of the possible candidates that may impair the testicular function under diabetic mellitus status, it is possible that the scavenging of reactive oxygen species (ROS) will result in improvement of testicular dysfunction and in subsequent amelioration of the fertility potential in diabetes. Accordingly, we hypothesized that streptozotocin induces oxidative damage in the rat testis, and is likely to be progressive and participate in the development of testicular dysfunction. In a streptozotocin-diabetic rat model, we investigated the occurrence of oxidative stress in the testis, the response of antioxidant defenses, oxidative damage to proteins and its modulation by antioxidants including edaravone and taurine. The genotoxic consequences of streptozotocin were investigated by examining the effects on testicular morphology and its sequela on the fertility potential of the experimental animals.
Materials and methods
All animal experiments were performed in accordance with the Tottori University Committee for Animal Experimentation guidelines. Six-week-old male Wistar rats weighing 180-210 g (JSLC, Shizuoka, Japan) were used for the purpose of this study. The animals were housed in polycarbonate cages in a room with a 12 h daynight cycle, temperature of 22 ± 1°C, and humidity of 45-65 %. The animals were divided randomly in four agematched groups. The control group (group A) consisted of ten animals and at the beginning of the experimental period they were administered intraperitoneally (i.p.) a vehicle dose of 0.1 M citrate-phosphate buffer (pH 4.2). The remaining three groups were administered i.p a single dose of streptozotocin (50 mg/Kg) dissolved in 0.1 M citrate-phosphate in order to induce diabetes [21] . The induction of diabetes was confirmed by measuring the urinary glucose with Pretest 3all (Wako Pure Chemical, Osaka, Japan) 1 day after the streptozotocin injection. The animals which demonstrated more than (???) of urinary glucose levels were included in the study. One diabetic group (group B, n = 20) was treated with 0.5 ml saline i.p./day. Another group of diabetic animals (group C, n = 10) was treated with edaravone i.p. 10 mg/Kg/day and the third diabetic group (group D, n = 10) was administered taurine i.p. 500 mg/Kg/day. The dose of edaravone was based on previous published work from this laboratory [22] . The treatment started 2 days after the induction of diabetes; it was performed daily and lasted 4 weeks. During the above period of time, the experimental animals were expected to be sexually maturated and their spermatogenesis fully developed. During the whole experimental period, all animal groups were kept under identical conditions and had access to food and fresh drinking water ad libitum.
Five days before the end of the treatment, mating studies were performed. Each male rat was placed for 5 days in the same cage with two female rats of proven fertility and regular cycles as determined by vaginal smears. Copulatory plugs were found in the vulvae/vagina of all the females which mated with each male rat from groups A, B, C, and D. Interestingly, copulatory plugs found in the female rats which mated with untreated diabetic rats of group B were very small. This is explained by the fact that rats of group B had the smallest seminal vesicles compared to the other three groups (data not shown). After the completion of the mating studies, female rats were separated and placed in individual cages. Twenty one to twenty three days after the mating studies, the number and weight of the newborns were recorded. After the separation from the female rats, all male rats were sacrificed with an overdose of pentobarbital (60 mg/Kg i.p.). Blood samples were collected from the vena cava, and bilateral testes and epididymides were removed and weighted. A testicular sample was fixed in Bouin's solution, whereas another testicular sample was immediately frozen and stored at -80°C until used. Blood samples and testicular and epididymal tissues were used for biochemical and molecular studies.
Measurement of serum glucose concentrations
Serum glucose concentrations in the experimental animals were measured by means of the hexokinase method (Glucose CI, Wako Pure Chemical, Osaka, Japan) and it was carried out according to the manufacturer's instructions. Twenty four hours before sacrificing the animals, the food was removed.
Measurement of serum and testicular oxidative damage
In order to investigate serum and testicular oxidative damage caused by the induction of diabetes, the concentrations of malondialdehyde (MDA), a marker of lipid peroxidation, were measured in the testes and the blood serum using a commercially available kit (NWLSS TM Malondialdehyde Assay, Northwest Life Science Specialties, LLC, Vancouver, WA) according to manufacturer's instructions.
Measurement of testicular DNA oxidation
Fractions of testicular samples of each animal were processed for DNA extraction using a DNA Extractor WB kit (291-50502; Wako, Japan). Following that, we estimated the effects of oxidative stress on testicular DNA by measuring 8-oxo-7,8, dihydro-2-deoxy Guanosine; 8-OHdG (Highly Sensitive 8-OHdG check; Japan Institute for the Control of Aging, Fukuroi, Shizuoka, Japan).
Evaluation of the activity of testicular catalase Activity of testicular catalase was assayed using a commercially available kit (Catalase Assay Kit, Catalog No. 707002, Cayman Chemical Company, Ann Arbor, MI) according to manufacturer's instructions.
Evaluation of peripheral serum testosterone levels Serum testosterone levels of blood sample, aspirated from the vena cava of all rats, were assessed using an enzyme immunoassay kit for testosterone (Oxford Biomedical Research Ò ; Enzyme Immunoassay for testosterone Product No. EA 78; Oxford Biomedical Research, Rochester Hills, MI, USA) according to manufacturer's instructions. The blood sampling always was performed at the same time of the day as testosterone secretion is pulsatile and changes significantly during the day.
Histological evaluation
After fixation, the tissues were embedded in paraffin. Tissue sections (5 lm) were cut from the paraffin blocks. Sections were deparaffinized, gradually hydrated, and examined by hematoxylin and eosin staining. Each section was viewed under light microscope at 9400 magnification. Histological examinations were done by a pathologist blinded to the experiment. Testes were evaluated histologically for the quality of spermatogenesis according to the Johnsen score (assessment of the quality of spermatogenesis based on number and furthest maturation stage present, with a score of ''10'' being optimal with normal numbers of spermatozoa present and a score of ''1'' representing total absence of germ cells and Sertoli cells) [23] .
Measurement of testicular DNA fragmentation Testicular DNA fragmentation was evaluated by means of the TUNEL assay using the ApopTaq Ò Plus Peroxidase In Situ Apoptosis Detection Kit (Chemicon Laboratories, Temecula, California). Bouin's fixed, paraffin wax embedded tissue sections were deparaffinized, stained by the TUNEL technique, and used as chromogens. TUNELpositive cells showed brown staining in the nucleus of apoptotic cells and were quantified under high power magnification (9400) by two investigators blinded to the studies, and were expressed as number per seminiferous tubule. At least 100 seminiferous tubules per slide were randomly examined to determine the number of TUNELpositive cells. Additionally, an expert pathologist blinded to this study identified the germ cells positive for TUNEL staining.
Statistical analysis
A statistical comparison of differences between groups was performed by means of analysis of variance and Fisher's multiple comparison tests. p \ 0.05 was regarded as the level of significance. The statistical analysis of histological scores was performed by means of Kruskal-Wallis tests and Mann-Whitney U tests with Bonferroni correction.
Drugs and chemicals
Edaravone was kindly provided by Mitsubishi Tanabe Pharma Corporation (Osaka, Japan). Streptozotocin was purchased from Sigma-Aldrich (St. Louis, MO). All chemicals not otherwise mentioned were reagent grade and available commercially.
Results

Serum glucose levels
The serum glucose levels in group B were significantly higher compared to the control group (770.6 ± 40.5 and 109.5 ± 5.9 mg/dl, respectively). Also, the treated C and D groups had significantly elevated serum glucose levels (829.2 ± 104.9 and 821.2 ± 51.9 mg/dl, respectively) compared to the control group. There were no statistically significant differences between groups B, C, or D (Table 1) .
General features of the experimental animals
Significant decrease in body weight gain was evident among the streptozotocin-treated rats (Table 1) . Body weights in the diabetic group (124.1 ± 2.6 g) were significantly reduced as against those of the controls (313.0 ± 7.3 g) at the end of the experimental period.
Likewise, the body weights of rats treated with edaravone or taurine (167.5 ± 14.7 and 153.9 ± 7.5 g, respectively) were significantly decreased compared to the controls, and significantly increased compared to the untreated diabetic rats (p \ 0.05) ( Table 1) .
There was also a significant decrease in the testicular and epididymal weights of all three diabetic groups compared to the control group. Treatment with edaravone and taurine significantly prevented this decrease compared to the non-treated diabetic group (Table 1) .
Testicular and serum concentrations of MDA
The testicular MDA concentrations in the diabetic group were significantly larger than those in the control group and the group treated with edaravone ( Table 2 ). Testicular MDA levels in the diabetic groups treated with edaravone or taurine did not differ significantly with the respective levels in the control group ( Table 2) .
Induction of diabetes significantly increased the MDA concentrations in the serum. The increased serum MDA levels were partially inhibited by edaravone, while it was significantly decreased after treatment with taurine (Table 2) .
Testicular DNA oxidation
Induction of diabetes significantly up-regulated the DNA oxidation in the rat testis as demonstrated by the elevated 8-OHdG concentration compared to the control group. Both antioxidants' treatment with edaravone and taurine significantly corrected this defect and decreased the DNA oxidation to levels similar to those of the control (Table 2 ).
Catalase activity in the rat testis
Catalase activity in the testes was significantly impaired by the induction of diabetes. Antioxidant treatment with edaravone and especially with taurine demonstrated a tendency to increase the testicular catalase activity, but it was not significantly different compared to the non-treated diabetic animals ( Table 2 ).
Testosterone levels in the peripheral serum
The amount of testosterone levels in the blood of diabetic rats was strongly decreased with respect to the control animals. Taurine tended to increase the testosterone levels, but it did not reach any level of significance compared to the non-treated diabetic animals ( Table 2) .
Evaluation of spermatogenesis process
The evaluation of the Johnsen score showed a significant decrease in the untreated group B in comparison with the control group (Fig. 1) . Treatment with edaravone and taurine increased the Johnsen score in groups C and D, respectively, leading to increased values statistically nonsignificant compared with the control group (Fig. 1) .
Evaluation of apoptosis in the rat testis
The number of apoptotic germ cells as estimated by TUNEL staining showed a significant increase in group B in comparison with the control group (Fig. 2) . Treatment with edaravone or taurine significantly decreased the number of apoptotic germ cells in groups B and C. However, the number of apoptotic germ cells in groups B, C, and D was significantly larger compared to control group A (Fig. 2) .
Mating studies outcome
The mean litter size of the female rats which participated in the mating studies with the animals of control group A was 8.95 ± 0.96. No delivery was recorded in the female rats which participated in the mating studies with the untreated diabetic animals of group B. Likewise, there was no recorded delivery in the female rats which copulated with the male rats treated with edaravone or taurine (Fig. 1 ).
Discussion
The current study was conducted in order to clarify the relationship between oxidative stress originated by a diabetic condition and parameters related to testicular function in the rat. Our results revealed that streptozotocin administration in rats causes significant alterations in the male reproductive milieu during the 4-week diabetic period. Diabetes induced significant oxidative impairments as evidenced by the increased MDA levels in the serum and testicular tissue as well as the up-regulated testicular 8-OHdG levels indicating the DNA oxidation in testicular cells. Furthermore, decreased antioxidant enzyme activities, declined serum testosterone levels, impaired spermatogenesis process, and increased number of apoptotic germ cells are additional parameters altered by the induction of diabetes. Although the international literature offers several works investigating the oxidative impairments in the male reproductive system in experimental animals under diabetic conditions [2, 17, [24] [25] [26] , the knowledge is still limited. Increasing evidence suggests that diabetes has an adverse effect on male reproductive function and that oxidative stress may play a crucial role [24] . Elevated oxidative stress in the testicular milieu is demonstrated to have fundamental implications on testicular physiology and sperm function [27] . According to Naziroglu [28] , antioxidant enzyme-dependent defenses may play a crucial role by scavenging free radicals generated under oxidative stress.
One of the parameters that quantify oxidative stress is MDA, a product of lipid peroxidation (LPO). In the present study, the MDA levels, both testicular and serum, were significantly elevated in the untreated diabetic group. The antioxidative defense systems could have been increased as a response to the diabetic oxidative stress state. Our results are consistent with increased cellular oxidative stress and accumulation of lipid peroxides and MDA levels demonstrated in experimental type-I diabetes mellitus [7] . Edaravone treatment significantly decreased the elevated testicular MDA levels compared to the untreated diabetic group. Likewise, MDA levels in the serum from the taurine-treated diabetic group were significantly reduced compared to the untreated diabetic group. These findings demonstrate the beneficial effects which are wielded by the antioxidant treatment on the diabetic testis during the oxidative insult.
DNA oxidation as evidenced by the up-regulated levels of 8-OHdG in the untreated diabetic group was significantly reduced by both edaravone and taurine treatments. DNA damage in the testis of streptozotocin-induced diabetic animals has also been demonstrated previously in the study by Shiraltha and Muralidhara [26] where the authors found an increase in the % of double-stranded DNA in the streptozotocin-induced diabetic mice. According to this study, our findings reveal the deleterious effect of diabetes induction in the testicular cells' DNA.
In the diabetic testis, significant reduction in the activity of the antioxidant enzyme catalase was a common feature in all samples, which is suggestive of the ongoing oxidative disturbances. Decreased activity of catalase might be due to its inactivation caused by excessive ROS production [29] . Catalase activity was increased in the edaravone-treated diabetic group and especially in the taurine-treated group, but the increase could not reach any statistical significance. This could be the result of the relatively short experimental treatment period (4 weeks) or due to the dose of the employed treatment agents. The protective effects of taurine in diabetes and its role in reducing the development of diabetic complications were recently investigated [19] . Even though the exact mechanism of action of taurine in the diabetic testis is not clear from the present study, it is principally attributable to its antioxidant properties. Alternatively, taurine may also enhance the activities of endogenous antioxidants such as glutathione, glutathione peroxidase, and catalase as previously reported in the rat testis [26] .
Male sexual dysfunction in streptozotocin-induced diabetic rats results from the alterations of the pituitarytesticular tract axis [12] and a subsequent notable decrease in testosterone secretion from Leydig cells [30] . In fact, in diabetic animals, low levels of luteinizing hormone and testosterone have been reported [31] ; ultrastructural changes, such as the accumulation of lipid droplets, reduced smooth endoplasmic reticulum and appearance of myelinlike structures, were observed in the Leydig cells of streptozotocin-diabetic rats [32] . In accordance with the above studies, in the current communication, there was a dramatic drop in testosterone serum levels. Although, in the taurine-treated group, the serum testosterone levels showed a tendency to increase, it was statistically not significant.
The data on body weight revealed a crucial effect of streptozotocin-diabetes on somatic growth as there was a significant reduction in the body weight of streptozotocindiabetic rats. It is known that streptozotocin destroys pancreatic b-cells and inhibits insulin production with subsequent induction of hyperglycemia and establishing of diabetes mellitus. In the present study, the significant reduction in body weight in all streptozotocin-induced diabetic rats may be due to the deprivation of growth hormone and testosterone, and their implications on anabolic activities of the body [10] . The partial maintenance of body weight in both edaravone-and taurine-treated groups of rats indicates prevention of adverse effects of streptozotocin-induced diabetes by immediate antioxidant treatment. Moreover, our results clearly confirmed a decrease of testicular and epididymal weight and an increase of apoptotic cell death in the testis of streptozotocin-induced diabetic rats. This is in accordance with a previous study which has demonstrated a decrease in testicular weight and atrophy of the seminiferous tubules in diabetic rats [4] suggesting that apoptotic cell death is a major factor in loss of testicular function of experimental animals suffering from diabetes mellitus [5] . In the current study, the experimental animals treated with edaravone or taurine showed a partial, but statistically significant, restoration of the testicular and epididymal weight, which reflects the protective effect of the antioxidant treatment not only within the testis, but also on the epididymis. This becomes relevant if we take in consideration the fundamental contribution of the epididymis to the sperm maturation process. While spermatozoa generated in the testis are fairly well protected by the microenvironment of Sertoli cells, they are more vulnerable against the oxidant environment in the epididymis due to the slow transit time and prolonged storage [33] . The production of abnormal levels of ROS is now believed to be involved in many aspects of human male infertility where spermatozoa are rendered dysfunctional by lipid peroxidation, altered membrane function, and impaired metabolism. Hence, it is rather probable that under diabetic status, epididymal spermatozoa are subjected to enhanced oxidative stress, which can subsequently lead in various genotoxic implications [25] .
In the current study, all the untreated diabetic animals proved to have an elevated oxidative stress profile with decreased antioxidative defenses and testosterone levels. No delivery was recorded in the females following the mating studies with untreated diabetic rats. This defect cannot be attributed to inability of the diabetic male rat to penetrate the female because copulatory plugs have been found in the vulvae/vagina of all the female rats post-mating. Although the antioxidant treatment with edaravone or taurine corrected partially the diabetes-induced oxidative stress in the rat testis, it appears that it had no effect on the outcome of the mating studies. The increased production of ROS due to the influence of severe hyperglycemia in the late stages of spermatogenesis is likely to be one reason for these results. The consequences of such oxidative damage could include loss of motility due lipid peroxidation [34] , induction of DNA damage in the sperm nucleus, and errors in spermiogenesis affecting fertility potential [35] .
Decreased levels of luteinizing hormone and testosterone induce germ cell apoptosis in the testis [36] . Moreover, previous studies have demonstrated decreases of the germ cell proliferative activity and increases in germ cell apoptosis in the testis of streptozotocin-induced diabetic animals [4] . The present study demonstrated that diabetes mellitus in male rats caused testicular dysfunction, and antioxidant treatment with edaravone or taurine improved these functional deficits by providing protection against the impairment of seminiferous tubules and the loss of spermatogenic cell series. Besides, the number of TUNELpositive cells in the germinal epithelium was significantly increased in the diabetic rats, an indication of apoptosis induced by diabetes mellitus in our adult male rats. However, the number of TUNEL-positive cells was markedly reduced after edaravone or taurine treatment in diabetic rats. In the present study, TUNEL-positive cells showed the typical morphological features of apoptosis such as chromatin condensation, cytoplasmic budding, and apoptotic bodies. The findings of our study indicate that the germinal cell-protective effects of edaravone or taurine may reflect their role as free radical scavengers, antioxidants, or antiapoptotic agents.
Results of the present study showed that 4 weeks of diabetes mellitus resulted in conspicuous morphological alterations of testicular tissue, which were associated with increased oxidative stress and apoptosis in rat testes. Oxidative stress induces testicular lesions in many ways. Excessive ROS induces lipid peroxidation and mitochondrial damage in germ cells [37] and Leydig cells [38] leading to dysfunction of testicular spermatogenesis and steroidogenesis. Moreover, excessive ROS leads to DNA damage and germ cell abnormality due to its genotoxic effects on testes [39] . Our data showed a significant improvement in testicular lesions after edaravone or taurine treatment as judged by the Johnsen score. This is in agreement with previous studies in which vitamin E and C mitigated the testicular injury by suppressing oxidative stress [16, 28] .
The oxidative impairments recorded in the rat testes raise a logical question, whether this phenomenon could be interpreted as a direct effect of streptozotocin in germ cells since streptozotocin is a known prooxidant and its potency to produce free radicals, damage DNA, and induce apoptosis/necrosis is demonstrated in vitro [40] . While the answer to this question is still eluding based on the data obtained in the current study, it can be reasonably postulated that streptozotocin does cause significant oxidative stress in the testis of a rat. Taken together, the results of this study allow us to conclude that hyperglycemia leads to testicular lesions involving significant oxidative stress and apoptosis in testes in model animals for type 1 diabetes. The morphological damage, increased lipid peroxidation, and apoptosis in testicular tissue can be partially relieved by edaravone or taurine through suppressing the increased oxidative stress.
